Recent studies have shown a phylogenetic signal in the structure of ecological networks, making the point that evolutionary history is important in explaining network architecture. However, this previous work has focused on either antagonistic (i.e., predatorprey) or mutualistic networks and has used different methodologies. Thus, a comparative assessment of both the frequency and the strength of phylogenetic signal across network types and components of network structure has been precluded. Here, we address this issue using a data set comprising 60 antagonistic and mutualistic networks. By quantifying simultaneously the matching and centrality components of network architecture-capturing the modular and nested structure, respectively-we test the presence and quantify the strength of phylogenetic signal across network types, species sets, and components of network structure. We find contrasting differences across such groups. First, phylogenetic signal is stronger in antagonistic webs than in mutualistic webs. Second, resources are more strongly constrained than consumers in food webs, while animals show more constraints than plants in mutualistic networks. Third, phylogenetic constraints are stronger for the matching component than for the centrality component of network structure. These results can shed light on the contrasting evolutionary constraints shaping network structure across interaction types and species sets.
Introduction
In the last few years, ecologists have started incorporating phylogenetically based methods in ecological research Helmus et al. 2007; Mouquet et al. 2012) . Specifically, when studying ecological networks, they have concluded that network patterns have a phylogenetic signal and that, therefore, one cannot fully understand network architecture without considering the evolutionary history of constituent species (Cattin et al. 2004; Bersier and Kehrli 2008; Eklof et al. 2012; Mouquet et al. 2012; Naisbit et al. 2012 ). These studies have immediate implications for our understanding of network assembly (Cattin et al. 2004; , the rate at which evolutionary history is lost as networks disassemble , and which ecological variables best correlate with network structure Bersier and Kehrli 2008; Eklof et al. 2012; Naisbit et al. 2012) . They also pave the road toward a predictive assessment of the networkwide consequences of biological invasions (Ives and Godfray 2006) .
The above-described studies addressed either food webs (here referred to as antagonistic networks) or mutualistic networks, targeted different components of network structure (e.g., species degree or trophic similarity), and employed different methodologies (e.g., Bloomberg et al. 's K or Mantel test) . This has precluded an assessment of whether the amount of phylogenetic signal is similar across network types, species sets, and components of network structure. The aim of the present article is to provide a general framework to explore the relationship between phylogeny and network structure.
Our first step is to choose a model that can be applied to either directed networks (here represented by food webs) or bipartite networks (here represented by mutualistic webs). The model has to be versatile in capturing simultaneously the nested and modular structures of these networks, the two major structural properties found in mutualistic networks and food webs, respectively (Bascompte et al. 2003; Olesen et al. 2007; Fortuna et al. 2010; .
We use the matching-centrality model that captures simultaneously the modular and nested structures by fitting at the same time the matching and centrality components of network architecture ). In this model, each species is characterized by two traits: one trait of matching and one trait of centrality. These traits quantify the position of the species in the network; the matching trait quantifies the assortative pattern and is thus able to capture the modular structure, while the centrality trait quantifies the variability in degree and thus captures the nested structure ( fig. 1) . The matching and centrality traits are not species' traits measured on organisms; they are inferred from the network itself. The power of the matching-centrality model is to fit simultaneously both components of network structure in both network types.
Intuitively, if species' traits explain network architecture, then they should be related to the matching and centrality traits. A typical example of a matching trait in a plantfrugivore network could be the size of the seed and the size of the bird's beak; these two traits have to match as much as possible to optimize the chance of a mutualistic interaction between that plant and that bird. We could also think of the length of a pollinator's proboscis, which has to match the length of the flower's corolla. A second example of a matching trait could be phenology. Indeed, the phenology of both species has to overlap to increase the probability of the two species to interact. Phenology could also be a centrality trait, since the longer the species is present in that location, the higher the number of its mutualistic partners and, in turn, the larger its centrality value. In the present article, we compare phylogenetic signal across network types and architecture components. Although the presence of phylogenetic constraints is not formal proof that matching and centrality traits are linked to species' traits, it is a good indication of this correspondence.
Our second step consists of fitting the matching-centrality model to a data set of 60 networks including food webs and mutualistic networks. These fits provide, independently for each network, the estimated traits of matching and centrality of all interacting species. Our final step consists of testing the presence and quantifying the strength of phylogenetic signal in the above-described network traits. This will allow us to determine in which type of network phylogenetic constraints are stronger and to compare these constraints between component types (matching and centrality) and species sets (animals, plants, prey, and predators).
Material and Methods

Data Sets
Our data set included 12 food webs, 19 plant-frugivore webs, and 29 plant-pollinator webs. The food webs were extracted from the database of Brose et al. (2005) ; specifically, we used here the networks for which the trophic interactions were determined from direct observation, as has been done by and Naisbit et al. (2011 Naisbit et al. ( , 2012 . Both the plant-frugivore and the plant-pollinator webs were extracted from the recently compiled data set of . These networks are also available at http:// www.web-of-life.es and in the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.5m0m5; .
For the food webs, we used taxonomy as a proxy for phylogeny. Taxonomic information was retrieved mainly from the Integrated Taxonomic Information System (http://www.itis.gov). Taxonomic trees were constructed according to 18 levels from species to kingdom. The dis-tance between two species is given as twice the number of taxonomic levels at which they differ. Further information can be found in Naisbit et al. (2012) . For the mutualistic networks, we used the same phylogenies compiled by , based on DNA sequences; plant phylogenies were compiled using Phylomatic, while insect phylogenies were based on the Tree of Life.
Matching-Centrality Model
Let A ij be the adjacency matrix of a web, that is, A p ij if there is an interaction between species i and j, and 1 otherwise. In mutualistic networks, i represents A p 0 ij plants while j represents animals, and if animal j A p 1 ij pollinates or disperses the seeds of plant i. In food webs, i represents the species viewed as a resource while j represents the species viewed as a consumer, and if A p 1 ij prey i is eaten by predator j.
The aim of the matching-centrality model is to infer simultaneously the nested and modular structure of antagonistic and mutualistic networks ). The probability of establishing a link between species i and j, denoted by , is modeled as a function of their P(A p 1) ij matching traits, denoted by v i and f j , and their centrality traits, denoted by and . Each plant, pollinator, prey,
and predator is characterized by one trait of matching and one trait of centrality. The model is implemented so that the closer the matching traits of two species, the higher the probability that they are linked. Similarly, the higher the centrality trait of a species, the higher the probability that this species establishes links. In other words, the matching traits quantify the assortative pattern, and the centrality traits quantify the species generality/specificity. The formula of the model is given by 
where l, d 1 , and d 2 are positive parameters providing the relative importance of matching, centrality for the resources or plants, and centrality for the consumers or animals, respectively. In the case of food webs, the denomination of these traits has a meaning: v represents the vulnerability of prey, while f represents the predator's foraging. As in the matching model , the foraging traits have to match as close as possible the vulnerability trait to maximize the probability of a trophic link. The same formula for the right side was first proposed by when studying interaction strength in food webs and was used later in the context of the niche dimensionality in food webs Brännström et al. 2011 ) . However, we derived our model within a more restricted framework than the more general one used by . This naturally results in constraints on our matching and centrality traits. Such constraints reduce the degrees of freedom, and therefore the traits are uniquely defined. We provide a complete mathematical derivation in the appendix (available online). The nested structure (if this structure is present) is captured by the centrality traits, while modularity (if this structure is present) is embedded in the matching traits. Figure 1 represents four simulated matrices of linking probabilities generated by the matching-centrality model. In figure 1b , we assume that only the centrality term is present (i.e., ), and the species are ordered according l p 0 to their centrality traits. A nested structure clearly appears in the linking probabilities; thus, the model is perfectly tailored to fit highly nested networks. In figure 1a , the centrality term is equal to 0 (i.e., and ), and d p 0 d p 0 1 2 the matching traits are uniformly distributed. When species are ordered according to their matching traits, a diagonal structure clearly appears. Now, if we assume that the matching traits are aggregated in clusters, as we can see in figure 1c , the modular structure appears in the diagonal. Thus, the matching centrality model is very flexible and can infer networks whose architecture is a mixture between nestedness and modularity, as illustrated by figure  1d (see also Lewinsohn et al. 2006) . This is an important property for a candidate model to fit both food webs and mutualistic networks. Different methods to quantify the phylogenetic signal in ecological networks already exist. For example, we can quantify the dietary or predatory similarity in food webs (Cattin et al. 2004; Bersier and Kehrli 2008; Naisbit et al. 2012) or the ecological similarity in mutualistic networks ) and then use a Mantel correlation to test for phylogenetic signal. These approaches have advanced our knowledge of the phylogenetic constraints, but they are limited in the sense of looking only at a particular level (prey, predators, animals, or plants) . Here, by inferring the traits of matching and centrality, we take a step forward and also look at the component of network architecture.
As each species is characterized by a matching and a centrality trait, the number of parameters to be estimated scales as twice the number of species. Moreover, the logit of the linking probability is not a linear function, as is normally the case. Thus, its inference is a complex task. The nonlinearity of the model implies that the traditional deterministic optimization algorithm for finding the maximum likelihood estimator may not work; a stochastic algorithm is more adequate. Thus, here we take advantage of a Bayesian framework and use a Monte Carlo Markov chain approach. The posterior distribution of the matching Strength of Phylogenetic Signal. We quantified the strength of the phylogenetic signal using the Mantel correlation coefficient (Cattin et al. 2004; Naisbit et al. 2012) . As distance matrices, we used the pairwise Euclidian distance matrix in the matching and centrality traits ) and the matrix of pairwise distances in the phylogenetic tree (Cattin et al. 2004; Naisbit et al. 2012 ). The Mantel correlation coefficient also has the advantage of having a low sensitivity to the branch length of the phylogenetic tree, making the comparison between food webs and mutualistic networks reasonable. Figure 2 shows the relative contribution of the centrality and matching terms. For each web, we represent the relative contribution of the prey/plant centrality term over the matching term (log(d 1 /l)) versus the relative contribution of the predator/animals centrality term over the matching terms (log(d 2 /l)). For networks located at the top right, the overall contribution of the centrality term over the matching term is more important in explaining the architecture of the network, and vice versa for webs located at the bottom left. Food webs are mainly located at the bottom left, while mutualistic networks are mainly located at the top right (ttest:
Results
Matching versus Centrality
for both log(d 1 /l) and log(d 2 /l) axes). This P ≤ .001 proves that, in general, the matching term (i.e., the modular structure) plays a more important role in describing food web structure, while mutualistic networks are best described by the centrality component (i.e., the nested structure; see also . However, there is an overlap area in the middle.
Phylogenetic Signal
For each web, we measured the strength and tested the presence of phylogenetic signal in the fitted matching and centrality traits. Figure 3 depicts the strength (measured by the Mantel correlation coefficient) and the significance (based on the K statistic) of the phylogenetic signal in the matching and centrality traits for each network type.
Regarding the frequency of phylogenetic signal, we found a significant phylogenetic signal (at ) in a p .05 both the matching and the centrality traits of the plants, animals, prey, and predators in all food webs and in 63% of the mutualistic webs. This difference is significant, with . If we split the mutualistic networks into plant-P p .029 pollinator and plant-frugivore webs, then the percentages of networks with a significant phylogenetic signal are 79% (for plant-pollinators) and 37% (for plant-frugivores). The difference between food webs and plant-pollinators is not significant ( ), but the differences between food P p .223 webs and plant-pollinators on the one hand and plantfrugivores on the other are significant ( and .008, P p .002 respectively). Thus, plant-frugivore webs are the ones accounting for the overall fewer cases of significant phylogenetic signal in mutualistic networks. Figure 4 provides a summary of the presence of phylogenetic signal according to type of web, species, and traits. Overall, we found a significant difference between matching and centrality traits ( ). Specifically, P p .004 phylogenetic signal is more often present in the matching traits than in the centrality traits. We found a second asymmetry in the matching traits between food webs and mutualistic networks. For the former the rate of significant phylogenetic signal is higher for prey than for predators ( ), while for mutualistic networks the rate of sig-P p .007 nificance is higher for animals than for plants ( ). P p .011 Turning to the strength of phylogenetic signal ( fig. 5 ; tables A1, A2; tables A1, A2 are available online), we found the same general pattern as for its presence. This is not surprising, as we can expect that the higher the phylogenetic constraints, the easier it is to detect them. In general, we found a higher correlation in matching traits than in centrality traits (table A1) . Thus, traits determining the modular component are more phylogenetically constrained than those quantifying the nested component in all types of networks.
In food webs, phylogenetic constraints are stronger in the matching traits of the prey than in the other traits/ species sets, while in mutualistic networks the matching traits of animals exhibit the strongest phylogenetic constraints (table A1 ). Regarding the difference between food webs and mutualistic networks, phylogenetic constraints are always stronger in the former (table A2) .
However, the difference in the frequency of significant phylogenetic signal between plant-pollinator and plantfrugivore networks does not hold for the strength of such phylogenetic signal. As plant-frugivore networks are smaller that plant-pollinator ones in our data set, a power issue cannot be excluded. Thus, this specific result on the rate of significance should be taken with caution.
Discussion
As a preliminary step to incorporate phylogenetic structure, in this article we have used the matching-centrality model to characterize two components of network structure. Our results have shown that the matching component is relatively stronger than the centrality component in food webs, while the opposite occurs in mutualistic networks. This result is not so surprising, as it has already been pointed out that food webs are more modular than nested, while mutualistic networks are more nested than modular (Fortuna et al. 2010; . This is an indirect confirmation that our matching and centrality traits are quantifying species position in the modular and the nested component, respectively. It has been shown that this difference in component of network architecture has dynamic consequences. Thus, modular food webs are known to be more persistent , while nestedness promotes biodiversity in mutualistic networks (Bastolla et al. 2009; .
This difference in network architecture is also compatible with coevolutionary theory Guimarães et al. 2011; Nuismer et al. 2013) . Specifically, antagonistic coevolution between prey and predators may lead toward an arms-race escalation, generating modules of species sharing some defenses and counterdefenses. Mutualistic interactions, on the other hand, may lead to nested networks through the combination of complementarity and convergence of traits .
Once we quantified the two components of network structure, we proceeded by adding the phylogenies. Our results show three contrasting patterns regarding differences in phylogenetic signal in ecological networks. First, phylogenetic constraints are stronger in antagonistic networks than in mutualistic networks. Second, the matching component exhibits a stronger phylogenetic signal than the centrality component across network types. Third, prey are more phylogenetically constrained than predators in food webs, while animals are more constrained than plants in mutualistic networks.
Regarding our first result-namely, a stronger effect of evolutionary history on food webs than on mutualistic networks-this can be explained by the different taxonomic heterogeneity between these two types of networks. Thus, food webs may encompass organisms quite different across the evolutionary tree, such as higher plants, arthropods, and birds. In turn, mutualistic networks tend to contain a smaller diversity of taxonomic groups, such as insects in plant-pollinator networks and frugivorous birds in plant-dispersal networks.
Regarding the second result-namely, a stronger phylogenetic constraint in the matching than in the centrality component-we could presume coevolution as a potential explanation for this difference Guimarães et al. 2011; Nuismer et al. 2013 ). This, however, needs more rigorous testing, and future studies simulating coevolution, as opposed to simply evolution, in these networks could shed light on this matter.
Finally, our last finding is that prey are more phylogenetically constrained than predators in food webs, while animals are more constrained than plants in mutualistic networks. Bersier and Kehrli (2008) have pointed out this asymmetry for food webs, while independently found a similar asymmetry in mutualistic networks. Surprisingly, these two asymmetries go in opposite directions. This is so because one usually considers animals to be consumers (predators) and plants to be resources (prey) in mutualistic networks (e.g., see , so if prey are more phylogenetically constrained in food webs, we could expect the same for plants in mutualistic networks. This result suggests that mutualistic networks, despite also being a representation of consumerresource webs, are quite different from traditional food webs. While in the latter the interaction is ϩ/Ϫ, with one species gaining and the other losing from the interaction, in mutualistic networks the interaction is ϩ/ϩ. This important difference could explain the contrasting patterns in the magnitude of phylogenetic signal. Mutualistic networks are a unique type of ecological network.
Studies of ecological networks have benefited in the last few years from the incorporation of phylogenetically based methods. This has provided a link between current network architecture and evolutionary history. Our current results may be useful in expanding these previous fragmented results by building a unified framework where these sorts of questions can be addressed in a comparative way across different network types.
